The nucleotide sequence of 42 090 bp of vaccinia virus strain WR is presented. The sequence includes the SalI L, F, G and I fragments and starts near the centre of the HindIII A fragment and extends rightwards towards the genomic terminus, finishing approximately 0-5 kb internal of the inverted terminal repeat (ITR). Translation of this region has identified 65 open reading frames (ORFs) of greater than 65 amino acids in length. Fifty-one of these which do not extensively overlap other larger ORFs have been subjected to further analysis; the other 14 are termed minor ORFs. In the rightmost 28.7 kb, the genes are, with one exception, transcribed towards the genomic terminus, similar to the arrangement of genes at the left end of the virus genome. Internal of this region the genes are expressed off either DNA strand but still predominately rightwards. ORFs are tightly packed with few intergenic non-coding regions of greater than 250 bp. Protein sequence comparisons have established a remarkably high number of homologies with entries in existing protein databases. Of these, DNA ligase, thymidylate kinase, two serine-threonine protein kinases, two serine proteinase inhibitors (serpins), two interleukin-1 receptor homologues and a discontinuous ORF related to tumour necrosis factor receptor have been reported. Other homologies include lectins, profilin, 3fl-hydroxy steroid dehydrogenase, superoxide dismutase, guanylate kinase, ankyrin and complement factor H. In addition, there are a number of polypeptides with predicted properties of membraneassociated, secretory or glyco-proteins. Twelve gene families are described here and elsewhere. There is considerable similarity between genes from the right and left end of the virus genome that may have arisen by terminal transposition events. Several differences from the corresponding region of vaccinia virus strain Copenhagen sequence are noted. Near the right terminus the sequences diverge completely, and internal of this there are multiple examples of deletion of short sequences (eight to 10 nucleotides) that lie within penta-or hexanucleotide direct repeats.
Introduction
Vaccinia virus, the live vaccine used to eradicate smallpox, is the prototypic orthopoxvirus (Moss, 1990) . After the construction of restriction maps (Wittek et al., 1977; Mackett & Archard, 1979) and the cloning of individual restriction fragments (Wittek et al., 1980; Belle Isle et al., 1981) , the 186kb genome of the laboratory strain of vaccinia virus (Western Reserve, WR) has been studied in detail. The structure of the terminal hairpins has been determined and the complete sequence of several of the viral HindIII restriction fragments and many individual genes have been reported from WR and other strains of virus (Ahn et al., 1990; Amegadzie et al., 1991; Baldick & Moss, 1987; Boursnell et al., 1988; Bertholet et al,, 1985; Broyles & Moss, 1986; Earl et al., 1986; Gillard et al., 1986; Gordon et al., 1988; Hirt et al., 1986; Howard & Smith, 1989; Howard et al., 1991 ; Jin et al., 1989; Kotwal & Moss, 1988a Niles et al., 1986; Plucienniczak et al., 1985; Rodriguez et al., 1986; Rodriguez & Esteban, 1987; Rosel et al., 1986; Rosel & Moss, 1985; Roseman & Hruby, 1987; Roseman & Slabaugh, 1990; Schmitt & Stunnenberg, 1989; Slabaugh & Roseman, 1989; Slabaugh et al., 1988; Shida, 1986; Smith et al., 1989a, b, c; Smith & Chan, 1991; Tamin et al., 1988; Tengelsen et al., 1988; Traktman et al., 1989; Tsoa et al., 1986; Ueda et al., 1990; Van Meir & Wittek, 1988; Venkatesan etal., 1981 Venkatesan etal., , 1982 Weinrich & Hruby, 1986; Weir & Moss, 1983 . Recently the complete sequence of vaccinia virus strain Copenhagen was determined . Collectively these studies have demonstrated that the vaccinia virus genes are closely packed with little DNA between open reading frames (ORFs). Protein-coding regions in DNA are not interrupted by introns and there are no reports of splicing. In the centre of the genome the coding regions are distributed on both DNA strands (Niles et al., 1986; Rosel et al., 1986; Plucienniczak et al., 1985) but near the left end the genes are transcribed towards the genomic terminus (Kotwal & Moss, 1988a; Boursnell et al., 1988) . Similarly, the genes previously reported from the right end of the genome are transcribed towards the terminus (Kotwal & Moss, 1989; Smith et al., 1989a , b, c, Howard & Smith, 1989 Traktman et al., 1989; Rempel et al., 1990; Ueda et al., 1990; Goebel et al., 1990) .
At the outset of this work relatively little was known about the genes located near the right terminus in contrast to the detailed structural and genetic information on the left and central regions of the virus genome. In this report the sequence of 42 kb of the vaccinia virus genome (strain WR) from the centre of the HindlII A fragment to close to the right inverted terminal repeat (ITR) is presented together with the positions of the deduced ORFs and a description of protein homologies. The most surprising feature of this sequence is the relatively large number of predicted vaccinia virus proteins with homology to known protein sequences. The types of homology discovered may provide further insights into how the virus interacts with the host cell (e.g. profilin, ankyrin, lectins and a candidate sodium ion transport protein), interferes with the host immune response [serine protease inhibitors (serpins), complement factors, interleukin receptors, tumour necrosis factor receptor (TNFR)] and modifies the biochemical activity of the host cell [DNA ligase, thymidylate kinase (TmpK), guanylate kinase, serine-threonine protein kinases, 3fl-hydroxy steroid dehydrogenase (3fl-HSD) and superoxide dismutase]. Another notable finding has been the discovery of more families of related vaccinia virus genes, indicating gene duplication and diversification during the evolution of poxviruses. Lastly, a comparison of the WR and Copenhagen sequences over the region reported here reveals several notable differences.
Methods
DNA sequencing. The sequence of the SalI, L, F, G and I restriction fragment of the WR strain of vaccinia virus was determined as previously described (Smith et al., 1989a) . Briefly, the individual fragments were randomly sheared by sonication and cloned into M13 vectors. Single-stranded DNA was sequenced using dideoxynucleoside triphosphates, [3sS]dATP and the Klenow enzyme. The sequences at the junctions between these restriction fragments were determined using oligonucleotides as sequencing primers on restriction fragments spanning the Sail sites.
Computing. Random DNA sequences were read using a sonic digitiser and assembled into contiguous sequence using computer programs DBUTIL and DBAUTO (Staden, 1982) . ORFs were identified using program ORFFILE, and files for individual protein sequences were created using DELIB (both kindly provided by M. E. G. Boursnell, Institute for Animal Health, Houghton, U.K.). Protein sequences were compared against the SWlSSPROT protein database (version 14) using program FASTA (Pearson & Lipman, 1988) . Multiple protein alignments were computed with program MULTALIGN (Barton & Sternberg, 1987) . Sequence similarities were evaluated using the ALIGN program (Dayhoff et al., 1983) .
Results
The region of the vaccinia virus genome (strain WR) sequenced in this study is indicated in Fig. 1 . In Fig. 2 the nucleotide sequence (42 090 nucleotides) is shown together with the predicted amino acid sequences of the major ORFs, which are defined as those starting with a methionine, that are at least 65 amino acids in length, and do not substantially overlap a larger ORF. These criteria were adopted to be consistent with that used for the complete sequence of the Copenhagen strain of vaccinia virus . In consequence, some of the former names of genes reported in this region are changed, and minor ORFs (defined as above, but which do overlap a larger ORF) are omitted from detailed analysis. These could subsequently be included as necessary. Using these criteria 51 major and 14 minor ORFs are identified ( Fig. 2 and Table 1 ). The nomenclature adopted for vaccinia virus genes derives from the HindlII restriction fragment in which they lie, and the position and orientation of the ORF within that fragment (Rosel et al., 1986) . However, since the complete sequence of the HindlII A fragment is not available for this strain of virus, SalI nomenclature has been adopted for the sequence to the left of the HindlII A-B junction. It is anticipated that these genes will be renamed with the final HindlII designations in due course. In Fig. 2 the positions of potential early and late transcriptional signals are marked (Yuen & Moss, 1987; Rosel et al., 1986; Davison & Moss, 1989) . Regions of the protein sequences that are potential hydrophobic transmembrane or signal sequences, or which are possible sites for N-linked glycosylation are also indicated. In 3 the arrangement of the ORFs and the principal homologies are summarized. The map positions, sizes and principal homologies of the ORFs are indicated in Table I . From Table 1 it is evident that there are only four examples of long (> 250 nucleotides) non-coding regions of which three are greater than 500 nucleotides. These are located after SalF16R (510 nucleotides), B3R (529 nucleotides) and B18R (744 nucleotides). Codon usage analyses and protein similarity searches suggest that these 'non-coding' regions may once have been part of adjacent vaccinia genes. SalF16R encodes a protein of 12.0K with homology to TNFR and nerve growth factor receptor (NGFR) (Howard et al., 1991) , proteins containing multiple cysteine-rich domains. SalF16R contains only one such domain, but downstream sequences show the presence of two more repeats either in a different reading frame or separated by a translational termination codon (Howard et al., 1991) . Vaccinia virus Copenhagen has the same arrangement as WR. A predecessor of vaccinia virus presumably encoded a larger SalF16R so making the downstream non-coding region much smaller. This is supported by the presence in another poxvirus, Shope fibroma virus (SFV), of an ORF of similar length to the total of SalF16R and the downstream fragments (Upton et al., 1987) .
Downstream of B3R there is an ORF in the -1 reading frame that lacks an initiating methionine. Codon usage analysis show that this region closely matches the codon usage of other vaccinia virus genes (data not shown), indicating that either it was originally part of B3R and lost the last 99 amino acids due to a frameshift mutation, or it was a separate gene that has lost its initiating methionine. The 744 nucleotides between B18R and B19R contain two ORFs without initiation codons, which also have codon usage similar to other vaccinia virus genes. Immediately after the translational termination codon of B 18R there is an ORF of 161 amino acids that lacks an ATG until codon 109 and which has 29 tyrosine residues. This may have been part of B 18R prior to the introduction of the termination codon. The second ORF represents a possible former 99 amino-terminal extension of B19R without an ATG codon. Table 1 show that, with the exception of B16L, all 32 genes to the right of TmpK (SalF11R), are transcribed towards the end of the genome. This arrangement contrasts with the genes to the left of TmpK where five out of 19 genes are transcribed leftwards. Within the 42 kb analysed there are no situations in which two adjacent genes are transcribed leftwards. In those positions where two adjacent genes are transcribed in opposite directions the intergenic region is predicted to function as either a bidirectional promoter (genes transcribed away from each other), or as a bidirectional transcriptional termination site if the genes are expressed towards each other early during infection. In the latter case there are usually multiple early transcriptional termination sites, TTTTTNT (Yuen & Moss, 1987) , on both DNA strands separating the genes. For example, in the intergenic gap between SalF2R and SalF3L, and SalF6R and SalF7L there are three such signals on one strand and two on the other. Similarly, between SalL7R and SalL8L there are four potential early transcriptional termination signals on one strand and one on the other. There are only two positions where early termination signals are not present following a leftward transcribed gene (SalL2L and B16L), but both genes may be transcribed late because there is a TAAAT motif at or near the 5' end (Rosel et al., 1986; Davison & Moss, 1989) and in the case of SalL2L there is an early termination signal within the protein coding region. The opposing genes (SalL1R and B15R) may be expressed early.
Transcriptional arrangement
Direct transcriptional mapping data are available for nine of the ORFs from this region and these data are summarized in Fig. 3 . Genes known to be transcribed early during infection are DNA ligase (renamed SalF13R) (Smith et al., 1989b) , TmpK (renamed SalF11R) (Smith et aL, 1989c) , serpins B13R and B22R (renamed) (Smith et aL, 1989a) , candidate protein kinases B1R and B12R (Howard & Smith, 1989; Traktman et al., 1989; Rempel et al., 1990) , B2R (Rempel et al., 1990) and B18R (Ueda et al., 1990) . The only late gene described from this region is the haemagglutinin (HA) (SalG1R) (Shida, 1986) . Although potential transcriptional control signals have been underlined in Fig. 2 and provide some indication of the likely transcriptional regulation of individual genes, direct experimental data are needed. The dangers in deducing the possible temporal regulation of transcription from nucleotide sequence data are illustrated with the DNA ligase gene. This contains TAAATG at the beginning of the ORF and no TsTNT near the 3' end, and would therefore have been classified as a likely late gene, yet this gene is transcribed early (Smith et al., 1989b) . Direct transcriptional data are also needed to indicate the regions of ORFs translated into protein. For instance, ORF SalFllR (TmpK) has the early RNA start site downstream of the computer-predicted beginning of the ORF (Smith et al., 1989c) . 
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cATGTGGTATTAGTGCAGGTcGTTATTcTTCCAATTGCAATTGGTAAGATGAcGGCcAAcTTTAGTACCCACGTCTTTTcACcAcAGCAcTGTGGATGTGAcAGAcTGAccAGTATTGAT 32640 D V R Q C L T E Y I Y W S S Y A Y R N R Q C A G Q L Y S T L L S F R D D A E L V 64
GAcGT•AGA•AATGTTTGACTGAATATATTTATTGGT•GT••TATGCATAC•GCAA•AGG•AATGCGCTGGACAATTGTATTCCA•A•T••T•TCTTTTAGAGATGATGCGGAATTAGTG
ATcGGAcTTTGTGCATATGCTGCTACTTAcTGGGGAGGTGAAGAccATccCAcTAGTAAcAGTCTGAAcGCATTGTTTGTGATGcTTGAGATGcTCAATTAcGTGGATTATAACATcATA 33000
F R R M N * BI5R--) 149
M S I L P V I 7 TTCCGGCGTATGAATTGATGAGTTGTACATCTTGACATTTTCTTCTTTCTTCTCTTCTCCCTTTCCCAGAAACAAAC TTT TTTTACCCACTATAAAATAAAATGAGTATACTACCTGTTA 33120
F L S I F F Y S S F V Q T F N A P E C I D K G Q Y F A S F M E L E N E P V I L P 47
CATGT•CTCAAATAAATACGCTATCATCCGGATATAATATATTAGATATTTTATGGGAAAAACGAGGAGCGGATAATGATAGAATTATACCGATAGATAATGGTAGCAATATGCTAATTC 33360
N P T Q S D S G I Y I C I T T N E T Y C D M M S L N L T I V S V S E S N I D L I 127 TGAACCCGACACAATCAGACTCTGGTATTTATATATGCATTACCACGAACGAAACCTACTGTGACATGATGTCGTTAAATTTGACAATCGTGTCTGTCTCAGAATCAAATATAGATCTTA 33480 S Y P Q I V N E R $ T G E M V C P N I N A F I A S N V N A D I I W S G H R R L R 167
TCT~GTATCCACAAATAGTAAATGAGAGAT~TA~TGC~GAAATGGTATGTCCCAATATTAATGCATTTATTGCTAGTAACGTAAACGCAGATATTATATGGAGC~ATCGACGCCTTA 33600
T S R L N I N P V K E E D A T T F T C M A F T I P S I S K T V T V S I T * 326 GACGTGTTATTACATCC CGGTTAAACATTAATC CTGTCAAGGAAGAAGATGCTACAACGTTTACGT GTATGGCGTTTACTATTCCTAGCATCAGTAAAACAGTTACTGTTAGTATAACGT 34080
GAATGTATGTTGTTACATTTCCATGTCAATT~:AGTTTATAAGAATTTTTATACATTATCTTCCAACAAGCAATTGACGAACGTATTGCTATGATTAACTCCCACGATACTATGCATATTA
GTGCTTGTATGTGTTATAAATATAAcGGGATATAGAACTGAATCAcCTACCTTAGATACCCAATTACATTTTATCAGATCCAGATAATAAACAAATTTTGT•GCCCTAAcTAATTCTATA 34920
R V L E I N 116 T TGTTATATATTTTACAATTGGTTATGATATCATGTAATAACTTGGAAT CTAACGCACATCGTCGTACGTTTATACAATTGTGATTTAGTGTAGTATATCTACACATGTATTTTTCCGCG 35040 N Y I K C N T I I D H L L K S D L A C R R V N I C N H N L T T Y R C M Y K E A S 76 CTATAGTATTCTGGACTAGTGATAAAACTATCGTTATATCTGTCTTCAATGAACTCATCGAGATAT TGCTCTCTGTCATATTCATACACCTGCATAAACTTTCTAGACATCTTACAATCC 35160 Y Y E P S T I F S D N Y R D E I F E D L Y Q E R D Y E Y V Q M F K R S M 36
+-B16L
GTGTTATTTTAGGATCATATTTACATATTTACGGGTATATCAAAGATGTTAGATTAGT TAATGGGAATCGTCTATAATAATGAATATTAAACAAT TATATGAGGACTTTTACCACAAAGC 35280
B17R--) M S R R L I Y V L N I N R E S T H K I Q E N E I Y T Y F S H C N I D H T S
37 ATCATAAAAATGAGTCGTCGTCTGATTTATGTTTTAAAT ATCAACCGCGAATCAACTCATAAAATACAAGAGAATGAAATATATACATATTTTAGTCATTGCAATATAGACCATAcTTCT 35400 T E L D F V V K N Y D L N R R Q P V T G Y T A L H C Y L Y N N Y F T N D V L K I 77 ACAGAACTTGATTTTGTAGTTAAAAACTATGATCTAAACAGACGACAACCTGTAACTGGGTATACT GCACTACACTGCTATT TGTATAATAATTACTT TACAAACGATGTACTGAAGATA 35520 L L N H G V D V T M K T S S G R M P V Y I L L T R C C N I S H D V V I D M I D K 117 TTATTAAATCATGGAGTGGATGTAACGATGAAAACCAGTAGCGGACGTATC-CCTGTTTATATATTG CTTACTAGATGTTGCAATATTTCACATGATGTAGTGATAGATATGATAGACAAA 35640 D K N H L L H R D Y S N L L L E Y I K S R Y M L L K E E D I D E N I V S T L L D 157 GATAAAAACCACTTATTACATAGAGACTATTCCAACCTATTACTAGAGTATATAAAATCTCGTTAC ATGTTATTAAAGGAAGAGGATATCGATGAGAACATAGTATCCACTTTATTAGAT 35760 K G I D P N F K Q D G Y T A L H Y Y Y L C L A H V Y K P G E C R K P I T I K K A 197 AAGGGAATCGATCCTAACTTTAAACAAGACGGATATACAGCGTTACATTATTATTATTTGTGTCTCGCACACGTTTATAAACCAGGTGAGTGTAGAAAACCGATAACGATAAAAAAGGCC 35880 K R I I S L F I Q H G A N L N A L D N C G N T P F H L Y L S I E M C N N I H M T 237 AAGCGAATTATTTCTTT GTTTATACAACATGGAGCTAATCTAAACGCGTTAGATAATTGTGGTAATACACCATTCCATTTGTATCTTAGTATTGAAATGTGTAATAATATTCATATGACT 36000 K M L L T F N P N F E I C N N H G L T P I L C Y I T S D Y I Q H D I L V M L I H 277 AAAATGCTGTTGACTTTTAATCCGAATTTCGAAATATGTAATAATCATGGATTAACGCCTATACTATGTTATATAACTTCCGACTACATACAACACGATATTCTTGTTATGTTAATACAT 36120
H Y E T N V G E M P I D E R R I I V F E F I K T Y S T R P A D $ I T Y L M N R F 317
~ACTATGAAACAAATGTTGGAGAAATGCCGATAGATGAGCGTCGTATAATCGTATTCGAGTTTAT~A~ACATATTCTA~A~GTC~TGCAGATTCGATAAcTTATTTGATGAATAGGTTT 36240 starting from the left end of the 42 kb, the sizes of the predicted primary translation products and homologies with proteins from the SWISSPROT (version 14) database and from our database of vaccinia virus proteins. A brief description of some of the ORFs and homologies is presented.
L L L L L F H S Y A I D I E N E I T E F F N K M R D 39
TAAAGATGACGATGAAAATGATGGT~P`~ATATATATTTCGTATCATTATTGTTATTGCTATTCCACAGTTACGCCATAGAcAT CGAAAATGAAATCACAGAATTCTTC AATAAAATGAGAG 37200 T L P A K D S K W L N P A C M F G G T M N D I A A L G E P F S A K C P P I E D S 79 ATA~ACCAGCTAAAGACTCTAAATGGTTGAATCCAC4ZATGTATGTTCGGAGC4~ACAATGAATGATATAGC C GCTCTAGGAGAGCCATTCAGCGCAAAGTGTCCTCCTATTGAAGACA 37320 L L S H R Y K D Y V V K W E R L E K N R R R Q V S N K R V K H G D L W I A N Y T 119 GT~'I'±'£ATCGCACAGATATAAAGACTATGTGGTTAAATGGGAAAGGCTAGAAAAAAATAGACGGC GACAGGTTTCTAATAAACGTGTTAAACATGGT GATTTATGGATAC-CCAACTATA 37440 S K F S N R R Y L C T V T T K N G D C V Q G I V R S H I R K P P S C I P K T Y E 159 cATCTAAATTCAGTAACCGTAGGTATTTGTGCACcGTAACTACAAAGAATGGTGACTGTGTTCAGGGTATAGTTAGATCTCATATTAGAAAACCTCCTTCATGCATTCCAAAAACATATG 37560 L G T H D K Y G I D L Y C G I L Y A K H Y N N I T W Y K D N K E I N I D D I K Y 199 AACTAGGTACTCATGATAAGTATC-GC TAGACTTATACTGTGGAATTCT TTACGCAAAACATTATAATAATATAACTTGGTATAAAGATAATAAGGAAATTAATATCGACGACATTAAGT 37680 S Q T G K E L I I H N P E L E D S G R Y D C Y V H Y D D V R I K N D I V V S R C 239 ATTCACAAA~GGAATTAATTATTCATAATCCAGAGTTAGAAGATAGCGGAAGATACGACT GTTACGTTC ATTACGACGACGTTAGAATCAAG AATGATATCGTAGTAT CAAGAT 37800 K I L T V I P S Q D H R F K L I L D P K I N V T I G E P A N I T C T A V S T S L 279 GTAAAATACTTACGGTT ATACCGTCACAAGACCACAGGTTTAAACTAAT ACTAGATCCAAAAATCAACGTAAC GATAGGAGAACCTGCCAATATAACAT GCACTGCTGTGT cAACGTCAT 37920 L I D D V L I E W E N P S G W L I G F D F D V Y
S V L T S R G G I T E A T L Y F 319 TATTGATTGACGATGTACTGATTGAATGGGAAAATCCATCCGGATGCgZTTATAGGATTCGATT TTGAT GTATAC TCTGTTTT AACT AGTAGAGGCGGT ATTACC GAGGCGACCT T GTACT 38040
E N V T E E Y I G N T Y K C R G H N Y Y F E K T L T T T V V L E
B19R--~
M E M Y P R H R Y S K H S V F K G F S D K V R K N D L D M N V V K E L L S N G A 40 CATGGAAATGTATCCTCGTCATAGATATAGTAAGCATTCTGTCTTTAAGGGATTTTCTGACAAAGTTAGAAAAAATGATTTAGACATGAATGTGGTAAAAGAATTACTTTCTAACGGTGC 39000 S L T I K D S S N K D P I T V Y F R R T I M N L E M I D E R K Y I V H S Y L K N 80 ATCTCTAACAATTAAGGATAGCAGTAATAAGGATCCAATAACCGTTTATTTTCGAAGAACGATAATGAATTTAGAAATGATTGATGAACGAAAGTATATAGTACACTCCTATCTAAAAAA 39120 Y K N F D Y P F F R K L V L T N K H C L N N Y Y N I S D S K Y G T P L H I L A S 120 TTATAAAAATTTCGATTATCCATTTTTCAGGAAGTTAGTTTTGACTAATAAACATTGT•TCAACAATTATTATAATATAAGCGACAGCAAATATGGAACA••GCTACATATATTGGCGTC 39240 N K K L I T P N Y M K L L V Y N G N D I N A R G E D T Q M R T P L H K Y C V N L 160 TAATAAAAAATTAATAACTC•TAATTACATGAAGTTATTAGTGTATAAcGGAAATGATATAAACGCACGAGGTGAAGATAcACAAATC`CGAA•T•CATTAcAcAAATATTGTGTAAATTT 39360 B20R--~ M I P V V Y 6 Y I I I L N M V S D T I M K R L * 176 GTATATCATAATATTGAATATGGTATCCGATAC TATAATGAAAAGATTATAGACGCATTTATAGAG TTAGGAGCCGATCTAACTATTCCAAATGACGATGGAATGATACCAGTAGTTTAC 39480 C I H $ N A E Y G Y N N I T N I K I I R K L L N L S R R A S H N L F R D R V M H 46 T GTATACACTCAAAT GCCGAATATGGTTATAACAATATTACTAACAT AAAGATAAT ACGTAAACTACTT AAT CTTAGT AGAC GTGCGTCACATAATCT ATTTAGAGATCGAGT C ATGCAC 39600 D Y I S N T Y I D L E C L D I I R S L D G F D I N G Y F E G R T P L H C A I Q H 86 GATTATATAAGTAATACATATATTGATCTTGAGTGTTTAGATATTATTAGATCGTTGGATGGATTC GATATCAATGGTTACT TTGAAGGACGTACACCACTTCATTGCGCTATACAACAT 39720 N F T Q I A K Y L L D R G A D I V V P N T L I I H Q Y I Q * B21R--) 115 M E E D T N I 7 AACTTCACTCAGATTGCTAAGTACTTATTAGATCGAGGAGCTGATATAGTCGTACCCAACACATTGATTATACATCAGTACATACAGTAAATAGCATAGATATGGAGGAGGATACAAATA 39840 S N K V I R Y N T V N N I W E T L P N F W T G T I N P G V V S H K D D I Y V V C 47 TTTCAAATAAAGTTATAAGGTACAACACTGTCAATAATATATGGGAAACATTACCTAACTTCTGGACTGGAACTATAAATCCACC43GTGGTCTCGCATAAAGATGATATATATGTTGTAT 39960 D I K D E K N V K T C I F R Y N T N T Y N G W E L V T T T E S R L S A L H T I L 87 GCGACATCAAAGATGAAAAAAATGTTAAAACTTGTATATTTAGATATAACACGAAT ACGTATAACGGATGGGAATTGGTCACGACGACAGAAAGCAGATTATCAGCTCTGCATACTATTC 40080 Y N N T I M M L H C Y E S Y M L Q D T F N V Y T R E W N H M
B22R--)
M D I F K E L I L K H T D E N V L I S P V S I 23
GAAGTTTAACATTATTTATTTATGATATATAT•GTTATTGTTTGGTCTATACCATGGATAT•TTTAAAGAA•TAATCTTAAAACACACGGATGAAAATGTTTTGATTT•TC•AGTTTCTA 40560 L S T L S I L N H G A A G S T A E Q L S K Y I E N M N E N T P D D N N D M D V D 63 TTTTATCTACTTTATCTATTCTAAATCATGGAGCAGCTGGTT•TACAGCTGAACAACTATCAAAATATATAGAGAATATGAATGAGAATAcA••CGATGAcAATAATGACATGGACGTAG 40680 I P Y C A T L A T A N K I Y G S D S I E F H A S F L Q K I K D D F Q T V N F N N 103 ATATTCCGTATTGTGCGACACTAGCTACCGCAAATAAAATATACGGTAGCGATAGTATCGAGTTC•AcGCCT••TTCCTACAAAAAATAAAAGACGATTTT•AAACTGTAAACTTTAATA 40800 A N Q T K E L I N E W V K T M T N G K I N S L L T S P L S I N T R M T V V S A V 143 ATGCTAACCAAACAAAGGAACTAATCAACGAATGGGTTAAGACAATGACAAATGGTAAAATTAATT••TTATTGACTAGT•CGCTATCCATTAATACTCGTATGACAGTTGTTAGCGCCG 40920 H F K A M W K Y P F S K H L T Y T D K F Y I S K N I V T $ V D M M V S T E N
(i) Genes potentially encoding enzymes
TmpK (SalFI1R), DNA ligase (SalF13R) and two potential serine-threonine protein kinases (B1R and B12R) have been described previously (Smith et al., 1989c, b; Kerr & Smith, 1989; Howard & Smith, 1989; Traktman et al., 1989; Rempel et al., 1990) . Enzyme activity has been demonstrated for DNA ligase (Kerr & Smith, 1989; Colinas et al., 1990) and TmpK (S. Hughes, unpublished results). In addition three other genes are predicted to encode proteins related to known enzymes. Gene SalF7L is predicted to encode a 39.3K protein with a similar size and 34% amino acid identity to human and bovine 3 fl-HSD Zhao et al., 1989) . This is a key enzyme in steroid biosynthesis and disease (adrenogenital syndrome) ensues from its deficiency in humans (Bongiovanni, 1962) . Gene SalF8R encodes a 13.6K protein with 39~ amino acid identity with Cu-Zn superoxide dismutase (SOD), an enzyme that catalyses the dismutation of superoxide OF to oxygen and hydrogen peroxide (McCord & Fridovich, 1969 ). The three-dimensional structure of SOD shows the protein to contain eight antiparallel fl-strands and three protruding loops, one of which binds the Zn atom (Tainer et al., 1983) . Alignment of the amino acid sequences of several Cu-Zn SODs with SalF8R (Fig. 4) indicates that although the vaccinia virus protein is predicted to contain the eight fl-strands and probably has a similar overall globular structure, it lacks the Zn-binding region of loop 6,5 and the loop 7,8 near the C terminus. The majority of the conserved histidine residues involved in ion binding are also missing and there is a C-terminal extension of 16 residues. These observations make it unlikely that this protein has SOD activity and, consistent with this, no additional SOD activity was found in extracts of virus-infected cells (J. Cavet, unpublished data). Although purified poxviruses have been reported to contain copper (Hoagland et al., 1941) , it seems unlikely that this is attributable to the product of SalF8R in this strain of virus.
Gene SalG2R has 30~ amino acid similarity over 140 residues to guanylate kinase of Saccharomyces cerevisiae (Berger et al., 1989) . However, SalG2R lacks the Nterminal 42 residues present in the yeast protein including the nucleotide-binding site. Inspection of the amino acid sequence upstream of the first methionine and in another reading frame located sequences homolo- Lines mark the eight anti-parallel fl-strands and loops known from the three-dimensional structure and are named as previously described (Tainer et al., 1983) .
(a) ,1, (SalG1R) to the 5' terminus of SalG2R (GmpK). ORF SalG2R starts at the ATG codon 11 amino acids from the end of the bottom line. Underlined upstream sequences are those present in the same or -1 reading frame that have homology to yeast GmpK (Berger et al., 1989) 
. (b) Amino acid alignment of yeast and vaccinia virus
Gmpk including the sequences present upstream of SalG2R in the -1 reading frame. Identical amino acids are boxed. The arrow indicates the beginning of SalG2R. Line above the amino acid sequence marks the nucleotide-binding site and the lower line marks the region in the -1 reading frame. Stars indicate the amino acids implicated in GMP-binding (Stehle & Schulz, 1990 ).
gous to the N terminus of the yeast protein (Fig. 5) . This putative frameshift mutation in WR is also contained in the sequence of the Copenhagen strain ) and the partial sequence from vaccinia virus strain IHD-J by translation of the nucleotide sequence downstream of HA (Shida, 1986) . It seems likely that in an ancestral poxvirus, this gene may have been contiguous and the present discontinuous ORF presumably arose by a frameshift mutation. If guanylate kinase is found to be active in other poxviruses, it represents another poxvirus enzyme involved in biosynthesis of precursors for DNA synthesis. Others include thymidine kinase (Dubbs & Kit, 1964) , TmpK (S. Hughes, unpublished results) and ribonucleotide reductase (Slabaugh et al., 1984) . The virus also contains an ORF homologous to dUTPase (McGeoch, 1990) .
(ii) Potential membrane-associated or secretory glycoproteins
Several of the predicted ORFs contain hydrophobic signal or anchor sequences and may be either secreted from the infected cell or remain associated with virus or cellular membranes (Fig. 2) . These are detailed further where there are additional features of interest.
Genes SalL4R and SalF2R encode related proteins with a single large hydrophobic domain near the N terminus. These proteins are similar to the family of lectins and to three proteins encoded by fowlpox virus (Tomley et al., 1988) . The topological arrangement of the encoded proteins in the cell membrane may be that of class II membrane glycoproteins in which the hydrophobic N-terminal region functions as a signal and anchor and the N terminus remains uncleaved on the cytoplasmic side of the plasma membrane while the C terminus is exposed on the cell surface (Blobel, 1980) . SalL8L encodes an extremely hydrophobic protein. At the N terminus there is a potential signal sequence that is followed by a relatively charged region. The remaining 60?/0 of the protein consists of predominately hydrophobic amino acids that might function as multiple transmembrane regions. The protein has weak amino acid homology to a family of sodium channel proteins (Noda et al., 1986) which also have multiple transmembrane domains and create a transmembrane pore through which Na ÷ ions may be transported.
Gene SalG1R encodes the previously described HA (Shida, 1986) that is expressed late during infection on the cell membrane (Ichihashi, 1977) and in extracellular enveloped virus (Payne & Norrby, 1976) . This gene has now been sequenced from four strains of vaccinia virus, WR (this paper), IHD-J (Shida, 1986) , Copenhagen and Tian Tan (Jin et al., 1989) , and is a member of the immunoglobulin (Ig) superfamily (Jin et al., 1989) . Only minor amino acid differences exist between the different strains and these are all located outside the single Ig domain of the HA molecule. Curiously, as the result of an internal deletion of three nucleotides, the WR HA lacks glutamic acid 215 found in the other vaccinia virus strains.
Gene B5R is predicted to encode a polypeptide with properties of a class I membrane glycoprotein. There is a large region of hydrophobic amino acids at the N and C terminus and the predicted external domain contains three potential N-linked glycosylation sites. The protein has homology to the superfamily of proteins that contain 60 amino acid repeats , and the closest matches are human coagulation factor XIIIb chain precursor (27-2~ identity over 246 residues) and human complement factor H precursor (24.2~ over 240 residues). Vaccinia virus encodes another member of this family of proteins (C28K) that has closest homology to the C4b-binding protein, is secreted from the infected cell and interferes with the classical pathway of complement activation (Kotwal & Moss, 1988b; Kotwal et al., 1990) . B5R differs from C28K in that it is probably membrane-anchored rather than secreted and is more closely related to factor H than the C4b-binding protein.
SalL3L (formerly named SalL4L), B7R, B8R and B9R all have homology to predicted proteins from the ITR of SFV (Howard et al., 1991 B15R and B18R both encode potential membraneassociated or secretory glycoproteins that are related to each other, to the Ig superfamily and to the human and murine interleukin-1 receptors (Smith &Chan, 1991) . The sequence of B18R has been reported for another strain of virus (DIE) and contains three amino acid differences from the WR strain (Ueda et al., 1990) . This protein is located on the cell surface early during infection and additionally is the previously described soluble (S) antigen.
(iii) Other homologies SalL1R contains an RNA-binding motif (Query et al., 1989) , noted by Goebel et al. (1990) and has 29?/o amino acid identity over 83 amino acids with murine 60S ribosomal protein L7 (Meyuhas & Klein, 1990 ). SalF4R encodes a 15.0K protein with 31 ~ amino acid homology to mammalian profilins (Kwiatkowski & Bruns, 1988; Nystrom et al., 1979; Sri Widada et al., 1989) . Profilin is an actin-binding protein that regulates the polymerization of soluble to filamentous actin. The vaccinia virus profilin has actin-binding properties (J. Rodriguez, unpublished data). The homology of SalF 16R to a family of cysteine-rich proteins including TNFR and NGFR, and of B4R to poxvirus host range proteins and to proteins containing ankyrin or ankyrin-like repeats has been described (Howard et al., 1991) . B17R is also related to human ankyrin (FASTA score of 162 with 17-1~ identity over 311 amino acids) and contains several ankyrin like repeats (Fig. 6 ). B13R and B22R encode proteins related to serpins (Kotwal & Moss, 1989; Smith et al., 1989a) .
Gene families
Several ORFs from within the region described have homology to other ORFs from this region or elsewhere in the virus genome and in some cases to genes from other poxviruses ( Table 2) . Some of these gene families have already been described, e.g. the serpins (Kotwal & Moss, 1989; Smith et al., 1989a) , protein kinases (Howard & Smith, 1989) , D9R and D10R (Binns et al., 1990) , and four families which have homologues encoded in the ITR of the SFV genome (Howard et al., 1991) . One of these families includes host range proteins from cowpox and vaccinia virus, and several of the members have repeated sequences with homology to ankyrin or ankyrin-like repeats. The B17R gene product may be added to this family. Another gene family including the SFV T6, T8 and T9 proteins is now expanded to include the B21R protein. This has 30~o amino acid identity over 66 residues with SalF17R. Because of the low homology it was left out of the alignment (Howard et al., 1991) , as were B10R and C24K. The two proteins related to complement factors (C28K and B5R) form a new family, as do the two proteins related to lectins (SalL4R and SalF2R). Other pairs of related genes include K4L and F37K , and C42K and C37K (Kotwal & Moss, 1988a ). The penultimate gene family shown in Table 2 includes B15R, B18R and HA, all of which encode members of the Ig superfamily. Both B 15R
and B18R are more closely related to the interleukin-1 receptor than to each other, or to the HA (Smith &Chan, 1991) .
Comparison with vaccinia virus Copenhagen
During the preparation of this manuscript the complete sequence of vaccinia virus strain Copenhagen was published . A comparison of the ORFs from the region of WR reported here and the corresponding region of Copenhagen is shown in Table  3 . Because of differing nomenclature, the ORFs have been aligned by amino acid homology and provide a comparison of the names assigned to equivalent genes from the different virus strains.
Starting from the centre of the HindlII A fragment and working towards the terminus, the great majority of ORFs from the two virus strains are very similar in size and in amino acid sequence (greater than 97~ amino acid identity) until after B18R in WR (equivalent to (Kotwal & Moss, 1989) . B19R in Copenhagen) where the two sequences diverge completely (Table 3 ). This divergence results from terminal transposition and deletion event(s) since serpin B22R and the adjacent ORF B23R of WR are located at the opposite end of the Copenhagen genome (C12L and C14L, respectively). However, the transposition is incomplete since there are no homologues of WR ORFs B19R, B20R and B21R anywhere in the Copenhagen genome and only part of B23R has been transposed. Evidently a DNA breakage occurred in the coding region of B23R during a transposition or deletion event. A further complication is the observation that in the Copenhagen strain the genes CI4L and C12L are separated by a short ORF (C13L), whereas in WR their homologues (B22R and B23R) are contiguous.
Within the conserved region to the left of B19R in WR (B20R in Copenhagen), there are some notable differences (Table 3) . These include the presence of one ORF (A39R) in Copenhagen that corresponds to two ORFs in WR (SalL9R and SalF1R). Conversely, the serpin gene B 13R of WR (Kotwal & Moss, 1989; Smith et al., 1989a) is present as two ORFs in Copenhagen (BI3R and B14R). An equivalent of WR SaIF6R is not described in Copenhagen because the size of the ORF is less than the 65 codon cut off, and the homologue of Copenhagen A54L is considered only a minor ORF in WR (Table 1) , because it overlaps a larger, complementary ORF (SalFI6R) that has homology to TNFR (Howard et al., 1991) . Three Copenhagen ORFs are larger than the WR equivalents: A32L (34.4K), A40R (19.3K) and BllR (9.9K) correspond to WR SalL2R (30.9K), SalF2R (18-1K) and BllR (8.2K), respectively. On the other hand, three WR ORFs are larger than the Copenhagen homologues: SalF9R (27.6K), SalF10L (29.1K) and B3R (19.4K) match Copenhagen ORFs A46R (24-7K), A47L (28.3K) and B3R (14-4K), respectively. These differences result from a variety of sequence alterations. The simplest is the presence of additional amino acid residues at either terminus deriving from extra in-frame methionine codon(s) upstream, or the lack of a translational termination codon. Two examples of N-terminal additions are seen with SalL2L and SalL9R. The former is 30 residues shorter than Copenhagen A32L, whereas the latter is 38 residues longer than Copenhagen A39R. The TmpK gene (SalFllR and A48R) provides another example. In WR there are an additional 23 N-terminal amino acids that are located upstream of the early RNA start site and were predicted, therefore, not to be part of the protein (Smith et al., 1989c) . In Copenhagen these sequences are not included in the TmpK ORF because the extra upstream methionine codon is out of frame owing to the loss of one nucleotide. Different C termini are seen with several ORFs. The simplest change occurs with B3R which in Copenhagen is 43 amino acids shorter, due to a frameshift mutation that creates an adjacent in-frame termination codon.
Several of the sequence changes result from short deletions in one sequence that may have arisen from recombination between short direct repeats. In Fig. 7 there are five examples of penta-or hexanucleotide direct repeats located eight to 10 nucleotides apart in one sequence that have apparently recombined in the other sequence to delete one copy of the repeat and the intervening DNA. These putative recombination events explain why genes SalL9R and SalF1R are separate Fig. 2 with the corresponding sequence from vaccinia virus Copenhagen . Regions are chosen to show sequence variation occurring between direct repeats of five to six nucleotides (boxed) located eight to 10 nucleotides apart. Nucleotide numbers refer to sequences shown in Fig. 2 for WR and as described for Copenhagen . ORFs in WR but a single ORF (A39R) in Copenhagen (Fig. 7 a) , and why the serpin B 13R of WR is broken into ORFs B13R and B14R in Copenhagen (Fig. 7e) . Such events also explain the C-terminal sequence differences between SalL10L and A47L (Fig. 7c) , and the differences at the N terminus of the B 11R genes. Immediately after the initiating ATG codon of Copenhagen B 11R the hexanucleotide GATACA (encoding the dipeptide DT) is repeated nine times. In WR only a single copy of GATACA remains (Fig. 7d) . Although the sequence deleted between the first and ninth hexanucleotide repeat is much greater than that deleted in the other examples shown, the intervening DNA could have been removed stepwise using the other copies of the direct repeat, so that comparable size deletions were made at each stage. The above examples all occur within coding regions, but this phenomenon is present in non-coding regions too, for instance in the intergenic region between SalF3L and SalF4R (Fig. 7b) . It should be emphasised that although there are several examples of this type of putative recombination, other length variations (larger or smaller) between the WR and Copenhagen sequences are present that have apparently occurred without the presence of direct repeats.
Discussion
These data complete the sequence of a large region of the vaccinia virus (strain WR) genome near the right ITR that had hitherto not been analysed in detail. The region adjacent to the right ITR is variable in orthopoxviruses and undergoes deletions and terminal transpositions (Mackett & Archard, 1979; Moyer et al., 1980; Lake & Cooper, 1980; Archard et al., 1984; Pickup et al., 1984 Pickup et al., , 1986 , indicating that many of the ORFs may be nonessential for virus replication in cultured cells. Overall the gene arrangement is similar to that discovered in other regions of the genome; namely the genes are tightly packed, are transcribed from either DNA strand in the genomic centre (Niles et al., 1986) and near the ITR are transcribed outward towards the terminal hairpin Kotwal & Moss, 1988a) . The arrangement of ORFs described here and the limited transcriptional mapping, indicate that early transcription in opposing directions in the same region is not favoured, nor is the production of overlapping early transcripts since the majority of early genes contain termination signals after their coding regions. However there are exceptions, for instance, the DNA ligase mRNA terminates after the downstream gene (SalF 14R) and not at the end of the ligase ORF (Smith et al., 1989b) . Similarly, mRNAs from early genes D4R and D5R have coterminal 3' ends but initiate at unique sites (Lee-Chen & Niles, 1988) . Excluding these exceptions, it is possible that the arrangement is advantageous by minimizing interference from upstream transcription units on the transcriptional activity of a downstream promoter (Ink & Pickup, 1990) , reducing activation of non-specific antiviral mechanisms by dsRNA, or reducing torsional stress induced by RNA polymerase complexes moving towards each other on the same template. In contrast, the greater length, degree of overlap and complementarity of late transcripts suggests these features are not a major constraint on late gene expression. Protein homology searches have revealed many striking matches to known proteins. The types of protein identified may be grouped roughly into (i) enzymes, (ii) factors likely to aid virus replication in the mammalian host by immune evasion or suppression, and (iii) proteins mediating virus-cell interactions. Predicted proteins with homology to enzymes include, DNA ligase, TmpK, guanylate kinase (GmpK), SOD, 3fl-HSD and protein kinases. Enzyme activity has been demonstrated for DNA ligase (Kerr & Smith, 1989; Colinas et al., 1990) and TmpK (S. Hughes, unpublished). SOD, GmpK and one of the proteins homologous to protein kinases (B 12R) (Howard & Smith, 1989 ) are unlikely to be active. The role of 3fl-HSD in virus replication is unknown.
Proteins that may cause virus immune evasion or suppression are perhaps the most fascinating group and indicate how well the virus is adapted to survive attack by the mammalian immune system. There are two genes related to complement control proteins (C28K and B5R). The former is a non-essential secretory protein that prevents activation of the complement cascade by the classical pathway (Kotwal & Moss, 1988b; Kotwal et al., 1990) . B5R is probably membrane-associated and has closer homology to factor H, a regulator of the alternative pathway, suggesting a possible interference with activation of the complement cascade by this mechanism. If it is present in virus particles it might prevent virion lysis and enable virus binding to target cells via complement receptors. Three genes encode proteins that may bind cytokines and inhibit inflammation. Two of these (B 15R and B18R) are members of the Ig superfamily and have closest homology to the receptors for interleukins 1 and 6 (Smith & Chan, 1991) , and the third is a discontinuous ORF with homology to TNFR (Howard et al., 1991) . If these proteins are present at the cell surface or are secreted, they may bind and sequester the ligands (IL-1, IL-6 or TNF) and diminish a normal inflammatory response during virus infection. The virus encodes a family of serpins Kotwal & Moss, 1989; Smith et al., 1989 a; Goebel et al., 1990) . In cowpox virus the equivalent of serpin B 13R causes a haemorrhagic pock phenotype (Pickup et al., 1986) and prevents migration of the white cells into the infected lesion in vivo (Palumbo et al., 1989) and in vitro (Chua et al,. 1990 ). Vaccinia virus serpins B13R and B18R cause a reduced antibody response to a foreign antigen expressed by recombinant vaccinia virus (Zhou et al., 1990) . They have also been proposed to prevent the processing of intracellular virus antigens and explain why some epitopes are not presented to class I major histocompatibility complex-restricted T cells from vaccinia virusinfected cells (Coupar et al., 1986; Townsend et al., 1988; Smith et al., 1989a) . A study of these virus evasion strategies may contribute to our knowledge of normal immune mechanisms.
Virus pathogenesis might also be influenced by several enzymes including TmpK, GmpK and SOD. The former two would (if active) provide an increased nucleotide pool and aid virus replication particularly in quiescent cells. TmpK is active (S. Hughes, unpublished results) and deletion causes attenuation (G. L. Smith, unpublished data) similar to that attributable to loss of TK (Buller et al., 1985) . GmpK and SOD are unlikely to be active in this strain of vaccinia virus (for reasons described above), but might be active in other more virulent poxviruses, for instance ectromelia and variola viruses, and contribute to the increased virulence of such viruses. Virus-encoded SOD activity could be advantageous for virus survival and replication in macrophages, a cell type that is infected by poxviruses and which may aid virus dissemination (Fenner, 1990) . Phagocytosis by macrophages is usually followed by the production of toxic, oxidative free-radicals that destroy the engulfed organism. SOD dismutes the toxic radicals and so may provide a defense against destruction within macrophages.
The third type of gene provides information about virus interactions with the host cell. Profilin is an actinbinding protein that regulates actin polymerization into filaments. The finding of a related protein encoded by vaccinia virus is relevant to the observed interaction of virus with actin-containing cytoskeletal filaments (Hiller et al., 1979; Hiller & Weber, 1982) . B4R (Howard et al., 1991) and B17R belong to a family of poxvirus proteins ( Table 3 ) that contain repeated sequences found in ankyrin (a protein that mediates interaction between the cytoskeleton and the surface membrane; Lux et al., 1990) , the cell-cycle control protein cdcl0 of Schizosaccharomyees pombe (Aves et al., 1985) and the human proto-oncogene bcl-3 (Ohno et al., 1990) . Two of the poxvirus proteins in this family determine host range and are essential for the replication of vaccinia virus in human cells (Gillard et al., 1986) , or cowpox virus in Chinese hamster ovary cells (Spehner et al., 1988) . The proteins encoded by SalL4R and SalF2R are homologous to lectins (Drickamer, 1988) and, if they function as such, may bind virus particles or infected cells to uninfected cells to mediate virus spread. Lastly, the product of SaI8L encodes a protein with multiple hydrophobic transmembrane domains and has homology to sodium ion transport proteins. It is known that vaccinia virus infection induces changes in the membrane permeability of cells (Carrasco & Esteban, 1982) and the product of the SalL8L gene is a candidate for involvement in this process.
Comparison of the region of WR described here with vaccinia virus strain Copenhagen has demonstrated several differences. There are examples of frameshifts, deletions and transpositions causing the nomenclature adopted for ORFs within a given restriction fragment to be different for the two viruses. To overcome this difficulty the genes from the two viruses are aligned in Table 3 based upon amino acid homology so the names can be directly compared. Near the ITR the genes are either completely different or have been transposed to the opposite end of the genome; for instance, serpin B22R of WR is gene C 12L of Copenhagen. Several of the frameshift differences in the conserved internal region (Table 3) can be attributed to short deletions between direct repeats eight to 10 nucleotides apart (Fig. 7) , possibly by recombination. Without direct sequencing of virus DNA (for instance by using material generated by the polymerase chain reaction), it is unclear whether the deletion events have occurred in virus-infected cells or in cloned virus restriction fragments in plasmid vectors. There is ample precedent for recombination between direct repeats in poxvirus genomes such as in the 1TR or in artificially constructed gene duplications (Ball, 1987; Spyropoulos et al., 1988; Shuman et al., 1989; Spehner et al., 1990; Kerr & Smith, 1991) , although these direct repeats are all much larger than those described here. Irrespective of the situation in which these deletions have occurred, the requirements seem to be penta-or hexanucleotide direct repeats separated by eight to 10 nucleotides.
In summary, the region described contains greater than 50 tightly packed ORFs, which are predominately transcribed towards the genomic terminus and which display an extraordinary array of homologies to known protein sequences. In several cases the function of the encoded protein has been directly deduced from this homology. Our understanding of the replicative and pathogenic mechanisms of large DNA viruses has been greatly expanded by the complete nucleotide sequences of their genomes (Davison & Scott, 1986; Baer et al., 1984; McGeoch et al., 1988; Chee et al., 1990; . This has been particularly true in orthopoxviruses where the lack of splicing, high adenine and thymidine content (67~), distinctive codon usage and known transcriptional signals aid the interpretation of these raw nucleotide sequence data.
